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new physics in the Higgs sector

‣ any Higgs sector extension necessarily implies 
non-SM Higgs phenomenology 
‣ coupling modifications 
‣ new resonances 
‣ new kinematics 
‣ non SM-like decay chains

Singlets 

Doublets / Triplets

(N)MSSM

….

‣ address shortcomings of the SM 
‣ dark matter 
‣ CP violation 
‣ electroweak phase transition 
‣ SM fine tuning problems

2

SM

here: 
focus on HH

3.2 The NLO QCD Corrections in the C2HDM

The diagrams contributing to the LO production of a C2HDM Higgs pair HiHj are depicted in
Fig. 4. In contrast to the EFT approach, the cross section does not receive contributions from
the e↵ective couplings, obtained from integrating out heavy states. Furthermore, as we have
now three CP-violating Higgs states Hi, we can have di↵erent combinations of Higgs pairs in
the final state, and in the first diagram of Fig. 4 we have to sum over all three possible Higgs
boson exchanges Hk (k = 1, 2, 3). Finally, we have an additional diagram contributing to Higgs
pair production where a virtual Z boson couples to the triangle and subsequently decays into
a Higgs pair, cf. second diagram in Fig. 4. This diagram does not contribute for equal Higgs
bosons in the final state, as the coupling coe�cient c(ZHiHj) vanishes in this case. The LO
partonic cross section for the production of the Higgs pair HiHj (i, j = 1, 2, 3) can then be cast
into the form
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Figure 4: Generic diagrams contributing to C2HDM Higgs pair production in gluon fusion at LO.
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‣ for                              no direct SM Higgs decays 
‣ BSM Higgs physics via momentum- or loop-suppressed effects

mS > mH/2
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Any new scalar fields that perturbatively solve the hierarchy problem by stabilizing the Higgs
mass also generate new contributions to the Higgs field-strength renormalization, irrespective of their
gauge representation. These new contributions are physical and their magnitude can be inferred from
the requirement of quadratic divergence cancellation, hence they are directly related to the resolution
of the hierarchy problem. Upon canonically normalizing the Higgs field these new contributions lead
to modifications of Higgs couplings which are typically great enough that the hierarchy problem and
the concept of electroweak naturalness can be probed thoroughly within a precision Higgs program.
Specifically, at a Linear Collider this can be achieved through precision measurements of the Higgs
associated production cross-section. This would lead to indirect constraints on perturbative solutions
to the hierarchy problem in the broadest sense, even if the relevant new fields are gauge singlets.

I. INTRODUCTION

The discovery of the Higgs at the LHC [1, 2] and
lack of evidence for physics beyond the Standard Model
have heightened the urgency of the electroweak hierarchy
problem. This motivates focusing experimental searches
towards testing “naturalness from the bottom up” as
broadly as possible. In practice this means generalizing
beyond the specifics of particular UV-complete models
and instead constraining the additional degrees of free-
dom whose couplings to the Higgs are responsible for
canceling the most pressing quadratically divergent Stan-
dard Model contributions to the Higgs mass. While these
couplings may appear tuned from the perspective of the
low-energy e↵ective theory, we may assume they are dic-
tated by symmetries of the full theory. To a certain ex-
tent, this strategy is already being pursued in searches
for stops in SUSY and t

0 fermions, however the Stan-
dard Model gauge representations of top partners are
not necessarily fixed by the cancellation of quadratic di-
vergences. For example, in twin Higgs models [3] the
degrees of freedom protecting the Higgs mass are com-
pletely neutral under the Standard Model, while in folded
supersymmetry [4] the scalar top partners are neutral un-
der QCD and only carry electroweak quantum numbers.
Such models provide proof of principle that the Higgs
mass may be protected by degrees of freedom that carry
a variety of Standard Model gauge charges, and there are
likely to be broad classes of theories with similar proper-
ties.

As we will discuss further in Sec. II, direct searches for
these additional degrees of freedom can be particularly
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challenging depending on the gauge charges. Therefore
in this work we will advocate an additional and comple-
mentary approach, concerned with exploring naturalness
indirectly. In certain cases this may be the most promis-
ing avenue for constraining additional degrees of freedom
associated with the naturalness of the Higgs potential.1

Specifically, we establish for the first time a quanti-
tative connection between quadratically divergent Higgs
mass corrections and new contributions to the Higgs
wave-function renormalization in natural theories. The
latter are physical and modify Higgs couplings.

To illustrate the possible indirect e↵ects of natural
new physics, consider a scenario where the Higgs is cou-
pled to some new top-partner fields that cancel the one-
loop quadratic divergences arising from top-quark loops.
Eq. (1) schematically indicates that, as well as the usual
Higgs mass corrections, one will also in general have cor-
rections to the Higgs wave-function renormalization2

�Zh, �m
2
h

⇠
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e�
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h

ZG0

(b)
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e+

h

ZZ

h h
. (1)

At the Higgs mass-scale we may write the full one-loop
e↵ective Lagrangian as

L = LSM +
1

2
�Zh(@µh)2 + ... (2)

where �Zh is directly related to the new quadratic Higgs
mass corrections, LSM is the full SM Lagrangian at one
loop, and the ellipsis denote corrections to the Higgs
mass, cubic and quartic couplings coming from the new

1
For recent work probing naturalness indirectly when new fields

are charged under QCD and contribute directly to Higgs digluon

and Higgs diphoton couplings at one loop, see e.g. [5–7].
2
There are also typically corrections to the cubic and quartic cou-

plings as well, which we do not show in this diagram.
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FIG. 2: One-loop contribution to s-channel gg ! HH production. The shaded area represents the remainder (one-loop top
insertion part) of the amplitude.
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FIG. 3: Counter term contribution to s-channel gg ! HH production. The shaded area represents the remainder of the
amplitude as in Fig. 2.

Note that with the above definitions, we denote the S

particle’s pole mass with mS . The leading order contri-
butions to gg ! HH are given by the Feynman topolo-
gies shown in Fig. 1. At the same time, relevant one-loop
S contributions to the gluon fusion amplitude (modulo
field renormalisation constants) are due to the o↵-shell
Higgs three point function shown in Fig. 2.

Let S be the s-channel and B the box part of the one-
loop gg ! HH amplitude, i.e. the left- and right-hand
side of Fig. 1 where all possible fermion flow orientations
are understood implicitly. The full gg ! HH matrix-
element is then represented by

M = S + B. (4)

In the following we will consider the one-loop S insertion
for S. Writing

S = T
1
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where T denotes the well-known expression of one-loop
Higgs boson production [28, 29], with s = m
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FIG. 4: Counter term contribution to the box graphs of gg !
HH production. The shaded area represents the remainder
(one-loop top insertion part) of the box amplitude.

(pH,1 + pH,2)2, we can directly identify the leading or-
der (or Born-level) contribution
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) = �

3m2
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v
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(6)

as the Higgs trilinear vertex in the SM. The virtual cor-
rections induced by S arise from the diagrams depicted
in Fig. 2 and are found to be
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This contains divergences that are renormalised by the
counter term contributions shown in Fig. 3. In Eq. (7)
A0, B0, and C0 are the well-known one-loop Passarino-
Veltman [30] functions in the convention of Refs. [31–34].
Tadpoles deserve a special comment as they generate

a non-vanishing contribution for the Higgs boson self-
interaction renormalisation (see e.g. [31]). The SM Higgs
potential reads, after inserting Eq. (2),

VSM(�) = �µ
2
|�|2 + �

SM
H

|�|4

� v(�µ
2 + v

2
�
SM
H

)H = tH . (8)

t = v(�µ
2 + v

2
�H) vanishes at leading order due to the

choice of v. Keeping track of t = v(�µ
2 + v

2
�H) gives

rise to a trilinear contribution

VSM(�) �

✓
m

2
H

2v
�

t

2v2

◆
H

3
. (9)

2

g

g

H

HH
t

t

t

g

g

H

H

t

t

t

t

H

H

H

S

S

S
H

H

H

S

S

H

H

HH

S

H

H

H

S

S

H

H

H

S

S

H

HH
S

S

H

H

H
H

H

HH

H

HH

H

H

H

H

FIG. 2: One-loop contribution to s-channel gg ! HH production. The shaded area represents the remainder (one-loop top
insertion part) of the amplitude.

g

g

H

HH
t

t

t

g

g

H

H

t

t

t

t

H

H

H

S

S

S
H

H

H

S

S

H

H

HH

S

H

H

H

S

S

H

H

H

S

S

H

HH
S

S

H

H

H
H

H

HH

H

HH

H

H

H

H

FIG. 3: Counter term contribution to s-channel gg ! HH production. The shaded area represents the remainder of the
amplitude as in Fig. 2.

Note that with the above definitions, we denote the S

particle’s pole mass with mS . The leading order contri-
butions to gg ! HH are given by the Feynman topolo-
gies shown in Fig. 1. At the same time, relevant one-loop
S contributions to the gluon fusion amplitude (modulo
field renormalisation constants) are due to the o↵-shell
Higgs three point function shown in Fig. 2.

Let S be the s-channel and B the box part of the one-
loop gg ! HH amplitude, i.e. the left- and right-hand
side of Fig. 1 where all possible fermion flow orientations
are understood implicitly. The full gg ! HH matrix-
element is then represented by

M = S + B. (4)

In the following we will consider the one-loop S insertion
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This contains divergences that are renormalised by the
counter term contributions shown in Fig. 3. In Eq. (7)
A0, B0, and C0 are the well-known one-loop Passarino-
Veltman [30] functions in the convention of Refs. [31–34].
Tadpoles deserve a special comment as they generate
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‣      -symmetric Higgs portal Z2
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boson V that give rise to the electroweak
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denote all possible Higgs and Goldstone
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tion constants. Note that ��0V 00 vertex
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where cW , sW are the cosine and sine of the Weinberg an-
gle and ↵ = e

2
/(4⇡) is the fine structure constant, respec-

tively. S, T, U parametrise the leading modifications of
gauge boson interactions due to presence of new physics
a↵ecting their propagation, i.e. they capture modifica-
tions away from the SM expectation of electroweak four-
fermion scattering processes.

In these definitions we have already exploited the Ward
identity ⇧AA(0) = 0 which means that we will work with
on-shell renormalised quantities in the following. For in-
stance for our scalar S insertions we obtain before renor-
malisation in D dimensional regularisation and Feynman
gauge, Fig. 1 (a),(b),(e),
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which cancels against the renormalised Goldstone contri-
bution
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as at one-loop the tadpole renormalisation �t given in
Eq. (15).

[CE, Jaeckel, Spannowsky, 
Stylianou `20] 

singlets above threshold
[Craig , Lou. et al.`14] 

[Curtin, Meade, Yu `14] 
… 

3



vacuum stability

4

di-Higgs
physics

Higgs 
couplings

12

(a)

100 150 200 250 300
-2

0

2

4

6

mS [GeV]

λ

Higgs signal strength

GigaZ

S pair production

di-Higgs

CLIC 3 TeV
3 ab-1

(b)

FIG. 15: Comparison of the (a) FCC-hh and (b) CLIC at 3 TeV best case sensitivities. The dashed blue line refers to WBF
to the sensitivity of S pair production, while the dotted green line reflects the expected Higgs signal strength constraints. For
comparison we include the GigaZ extrapolation of the sensitivity via oblique corrections as a black dashed line. The projected
self-coupling extraction are shown in red. For the 3 TeV CLIC the 5%- and 10%-level are included as dash-dotted and solid
lines, respectively. For the Higgs signal strength here we use the 3 TeV value �µ/µ = 0.39% according to Ref. [91]. The shaded
region is excluded from stability considerations [29] and assumes no additional BSM matter content beyond the singlet scalar.

prise for heavy strongly-coupled physics such as SUSY,
the combination of energy coverage and statistics, makes
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an excellent tool to constrain weakly coupled electroweak
extensions. In this sense, when power is applied in a con-
trolled way to the symmetric Higgs portal, it will likely
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‣ why double Higgs so sensitive?
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change in the self-coupling as shown in Fig. 7. If the
binned distribution deviates by more than the band in-
dicated by the self-coupling projection in the sense of a
binned �

2 test, we consider a particular (mS ,�) point to
be excludable.

We consider both the sensitivity at LHC but also
a future FCC. The implicit momentum dependence of
pp ! HH has been used to set constraints on the Higgs
boson self-coupling by exploiting the destructive interfer-
ence between the triangle and box contributions of Fig. 1.
Given the relatively small cross section ofHH production
at the LHC of about 32 fb [41–50], the expected precision
of the self-coupling extraction is going to be limited. A
recent projection by CMS [40] suggests that a sensitiv-
ity to �

95%CL
SM /�SM = [�0.18, 3.6] can be achieved, which

corresponds to a gluon fusion cross section extraction of
O(15%) when assuming SM dynamics. The obtainable
sensitivity is shown as the red dashed line in Fig. 8. As
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FIG. 7: Invariant di-Higgs mass spectra relative to the SM
and 6% self-coupling extraction as described in [24].

we can see, detectable e↵ects typically require couplings �
significantly larger than 1, where our calculations are not
fully trustworthy. To be conservative we perform the cal-
culation with and without the squared virtual corrections
and only show whatever sensitivity is weaker. However,
it should be kept in mind that this still includes only part
of the higher order corrections and therefore is only an
estimate.

Di-Higgs boson production is one of the key motiva-
tors for pushing the high-energy frontier beyond the high-
luminosity and high-energy LHC options. As shown in
Ref. [24] (see also [52–58]) a coupling extraction of �SM

at the . 6% level could be attainable at an FCC-hh with
100 TeV collisions and a 30/ab dataset. This is a direct
reflection of a much larger di-Higgs inclusive cross section
of around 1 pb [48]. On the basis of this extrapolation,
a much better sensitivity to the portal coupling can be
achieved. This is shown as the solid black line and the

Combination of
‣ changed threshold behavior 

(cf. self-coupling) 

‣ sensitivity of Higgs 
coupling modification in 
the tail compared to single 
Higgs

Good differential control of di-Higgs spectra is key to BSM sensitivity
EFT-based NLO QCD discussion in [Capozi, Heinrich `19]

5
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iso-singlet mixing

‣ if singlet develops a vev, Higgs phenomenology is parametrised by 
single mixing angle

Exploring the Higgs portal
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We study the Higgs portal from the Standard-Model to a hidden sector and examine which elements of the
extended theory can be discovered and explored at the LHC. Our model includes two Higgs bosons covering
parameter regions where the LHC will be sensitive to two, one or none of the particles at typical discovery
luminosities for Standard Model Higgs production.

I. INTRODUCTION

Theoretical scenarios beyond the Standard Model [SM] which will be tested at the LHC [1] often include a hidden sector. The
standard sector and the hidden sector are coupled by interactions of gauge-invariant operators which open the gate for exploring
structures in the hidden sector by observing phenomena in the visible standard sector. An attractive realization of this idea is
provided by the Higgs portal which connects the Higgs fields in the two sectors by an elementary quartic interaction [2–14].
Such a setup moves a precision study of the Higgs sector [15–17] into a central position of new physics searches at the LHC.

Starting from a wide range of Higgs observables at the LHC [18, 19] its focus will naturally be on measurements of Higgs
masses, couplings and, to a lesser extent, Higgs self-interactions particularly in cascade decays [20]. The key observables which
allow for such an analysis are production rates for different decay channels combined with the weak boson fusion process [21, 22]
and the recently revived associated production channels with decays to bottom pairs [23]. For Higgs masses between 120 and
160 GeV the LHC, running at a center-of-mass energy of 14 TeV and collecting integrated luminosities in the O(10�100 fb�1)
range, can detect uncorrelated modifications to individual Higgs couplings of the order of 30% to 50% [16]. Provided there
exists some kind of universal pattern in these modified couplings, the sensitivity increases to 20% or better [13]. A Higgs portal
or hidden Higgs sector is such a case with generally well-defined patterns in the modified couplings. To render our analysis as
transparent as possible, we will illustrate the basic idea in a set-up in which fields and interactions are isomorphic in the two
sectors, just supplemented by the quartic portal interaction. Adapting our results to other models should be straightforward.

We study the set of observables of a hidden Higgs sector and examine to which extent it can be reconstructed by precision
measurements in collider experiments, n.b. at the LHC. In an earlier, related study [13] we restricted ourselves to the properties
of the SM-type Higgs boson. To explore elements of the hidden sector, invisible Higgs decays [24] to particles in this sector play
a crucial role. Valuable additional insight we can obtain from standard Higgs properties like masses and visible decay branching
ratios. The fundamental question whether a Higgs portal with noticeable interactions between standard and hidden sector exists
or not, can be answered this way.

In this extended analysis we systematically explore the maximum information that can be obtained on the Higgs portal and the
associated standard and hidden sector states from established Higgs search strategies [25], i.e. we consider both Higgs masses
lighter than O(1 TeV). For Higgs spectra with the heavy narrow mass state in the trans-TeV region, analysis strategies have
been described in Ref. [3]; discovery reaches for broad and heavy states are discussed in, e.g., Ref. [26]. The key question is
how we can link the parameters in our Higgs potential to general observables, like masses, cross sections, or decay widths, and
then to possible LHC measurements, like twin width ratios [13]. While this work is not meant to be an experimental analysis,
realistically modelling all statistical, systematic, and theoretical uncertainties, it defines the strategy underlying such an analysis
and points out its critical steps from an experimental and theoretical point of view.

II. FROM THE POTENTIAL TO COLLIDER OBSERVABLES

Before we discuss realistic LHC prospects, it is important to study the structure of Higgs portal models and identify the
complete set of observables which we can then try and access at the LHC. The Higgs potential we study in this letter consists of
the Standard Model component [s], the isomorphic component in the hidden sector [h], and the quartic interaction coupling the
two sectors with strength ⌘�, videlicet,

V = µ
2
s
|�s|

2 + �s|�s|
4 + µ

2
h
|�h|

2 + �h|�h|
4 + ⌘�|�s|

2
|�h|

2
. (1)

The mass parameters µj are generally substituted by vj after expanding the two Higgs fields about their vacuum expectation
values, �j ! (vj + Hj)/

p
2 with v

2
j

= (�µ
2
j

� ⌘�v
2
i
/2)/�j for i 6= j = s, h. The SM Higgs vacuum expectation value is
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2

fixed by the gauge boson masses, since even in the presence of a non-vanishing expectation value the hidden Higgs fields do not
contribute to electroweak symmetry breaking in the standard sector. This is an important difference between the hidden Higgs
sector and other multi-Higgs models. However, due to the coupling of the two sectors the physical Higgs states in the SM and
the hidden sector mix to the mass eigenstates

H1 = cos � Hs + sin � Hh

H2 =� sin � Hs + cos � Hh . (2)

Both, H1 and H2, couple to Standard Model fields through their components Hs and to the hidden sector through the admixtures
Hh. For moderate coupling ⌘� the properties of H1 remain dominated by the Standard Model component, while the properties
of H2 are characterized primarily by the hidden Higgs component. The mixing of the fields in the potential generates self-
interactions among the light and heavy Higgs bosons [3], in particular trilinear couplings HiHjHk of any combination.

The phenomenology of the Higgs portal to the hidden sector depends on the ratio of the Higgs boson masses. We will take
H1, primarily [s], to be the lighter particle and H2, primarily [h], to be the heavier companion. Any scenario with other mass
ratios could be treated analogously but suffers from electroweak precision and unitarity constraints.

The properties of the two Higgs bosons are summarized in the masses, M1,2, the visible and invisible widths, �vis
1,2 and �inv

1,2,
both defined without including Higgs cascade decays, and finally the Higgs cascade �HH

2 , realized by H2 ! H1H1 for suitable
mass ratios. From these observables we can derive all fundamental parameters of the Higgs potential.

(i) Higgs masses — Diagonalizing the Higgs mass matrix [squared],

M
2 =

✓
2�sv

2
s

⌘�vsvh

⌘�vsvh 2�hv
2
h

◆
, (3)

generates the mass eigenvalues M1,2 and the mixing angle �,

M
2
1,2 = [�sv

2
s

+ �hv
2
h
] ⌥ |�sv

2
s

� �hv
2
h
|

q
1 + tan2 2� (4)

tan 2� =
⌘�vsvh

�sv
2
s

� �hv
2
h

with ⇡/8  ±� ± ⇡/8  3⇡/8 , (5)

for the two mass eigenstates H1,2 defined in Eq. (2). The sign in front of � coincides with sgn[⌘�] while the sign of the phase
shift ±⇡/8 corresponds to sgn[�sv

2
s

� �hv
2
h
]. The mixing is restricted to

tan2 2� 
4�s�hv

2
s
v
2
h

[�sv
2
s

� �hv
2
h
]2

. (6)

For vh = vs = 246 GeV and �s = �h/4 = 1/8, a parameter set reminiscent of the Standard Model, we illustrate the two Higgs
masses as functions of the mixing parameter in Fig. 1. They are compared with the bounds derived from the non-observation of
Higgs bosons at LEP for standard and reduced couplings [27]. For this illustrational parameter set the mixing has to stay below
sin �  0.22, as a direct result of the LEP bound on the Higgs mass. This kind of bound is a general feature, because the mixture
of a Standard Model and a relatively light hidden Higgs state will generate one mass eigenvalue below the SM diagonal entry in
Eq. (4).

Unitarity for high energies and precision observables like the ⇢ parameter constrain the mass values in complete analogy to
the Standard Model case. The usual SM Higgs mass or its logarithm is substituted by the superposition of the two Higgs masses,
weighted by the mixing parameters cos2 � and sin2

�, e.g.,

unitarity M
2
HSM

! hM
2
i
i ⌘ cos2 � M

2
1 + sin2

� M
2
2  4⇡

p
2/3GF ' (700 GeV)2

⇢ parameter log M
2
HSM

! hlog M
2
i
i ⌘ cos2 � log M

2
1 + sin2

� log M
2
2  log(175 GeV)2 . (7)

As expected, for small mixing the SM bounds transfer to M1 while M2 remains essentially unconstrained. However, for large
mixing the two bounds transfer to the algebraic and geometric means of the M1, M2 mass pair, thus reducing the allowed range
for M2 considerably. Finally, for large sin2

�, M1 and M2 interchange their roles.
Because the most restrictive bounds arise from electroweak precision data we base our numerical scan over the Higgs potential

on the complete set of S, T, U parameters [28]. Confronting the model defined in Eq. (1) with the current bounds on S, T, U [29],
we need to emphasize one caveat: if the spontaneous symmetry breaking in the hidden sector also gives rise to additional massive
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the model as described in Refs. [15, 16]. In relation to the visible decay widths the invisible decay widths can be extracted by
measuring the ratios of the corresponding branching ratios, i.e.

�inv
1

�vis
1

=
BRinv

1

BRvis
1

,

�inv
2 + �HH,inv

2

�vis
2

=
BRinv

2

BRvis
2

, (11)

where �HH,inv denotes the invisible decay width resulting from the cascade decay H2 ! H1H1 with invisible H1 decay modes.
In contrast to the ad-hoc definition of the visible branching ratio BRvis

2 = �vis
2 /�tot

2 , the measured invisible branching ratio BRinv
2

necessarily includes the invisible cascade decays.

(iv) Higgs cascade — If H2 is sufficiently heavier than H1, the cascade channel H2 ! H1H1 opens up with its partial width

�HH

2 =
⇤2
211

32⇡

�1

M2
. (12)

The velocity of H1 in the rest frame of H2 is denoted by �1 while the effective H2H1H1 coupling, derived by inserting the
mixed states into the potential V , reads

⇤211 = 3 sin 2�


cos �

�sv
2
s

vs
� sin �

�hv
2
h

vh

�

� tan 2� [�sv
2
s

� �hv
2
h
]


(1 � 3 cos2 �)

sin �

vh
� (1 � 3 sin2

�)
cos �

vs

�
. (13)

The decays of the H1H1 pair give rise to visible-visible, visible-invisible, and invisible-invisible final states with probabilities
cos4 �, 2 sin2

� cos2 � and sin4
�, respectively. As a result, we can reconstruct �HH

2 from the channel in which both H1 decays
are visible: �HH

2 = �HH,vis
2 / cos4 �. To illustrate the probability of cascade decays we show the �-dependence of the ratio

�HH

2 /�vis
2 in the right panel of Fig. 1.

From all observables listed above we can derive the fundamental properties of the two Higgs bosons, which are related to the
dynamics in the hidden sector: the mixing angle sin �, the invisible partial widths �inv

1,2, the cascade width �HH

2 and the total
widths �tot

1,2. The latter are notorious at hadron colliders. While we cannot experimentally determine them for narrow states, they
are crucial properties of our two Higgs states. Provided H2 is heavier than twice the H1 mass, the total widths of the two Higgs
bosons are given in terms of five partial widths

�tot
1 = cos2 � �SM

1 + sin2
� �hid

1

�tot
2 = sin2

� �SM
2 + cos2 � �hid

2 + �HH

2 . (14)

Ratios of partial and total Higgs widths, however, are observable at the LHC. For the light SM-type Higgs boson the relations

�inv
1

�SM
1

= cos2 �


cos2 �

1
� 1

�
,

�HH

1

�SM
1

= 0 ,

�inv
1

�SM
1

= cos2 �
BRinv

1

BRvis
1

,
�tot
1

�SM
1

=
cos4 �

1
. (15)

link the decay width to SM particles �SM
1 to the total width �tot and provide us with two equivalent expressions for the modified

invisible branching ratio. Thus, we can express the mixing angle cos2 � and �inv
1 /�SM

1 in terms of the observable twin-width
ratio 1 and the branching ratios BRinv

1 /BRvis
1 .

The corresponding expressions for the heavy hidden-type Higgs boson H2 are slightly modified because they include the
cascade decay, followed by the decay of the H1 pair back to the visible sector

�inv
2

�SM
2

= sin2
�

"
sin2

�

2
� 1 �

1

cos4 �

BRHH,vis
2

BRvis
2

#
,

�HH

2

�SM
2

=
sin2

�

cos4 �

BRHH,vis
2

BRvis
2

,

�inv
2

�SM
2

= sin2
�

"
BRinv

2

BRvis
2

� tan4
�

BRHH,vis
2

BRvis
2

#
,

�tot
2

�SM
2

=
sin4

�

2
. (16)

‣ measurement of cascade decay allows us to fully reconstruct the 
extended Higgs potential
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iso-singlet mixing

‣ SM-likeness of 125 GeV 
selects small mixing angles 

‣ larger masses highlight WBF 
production on top of GF(+jets)

Good coverage of searches for SM-like Higgs and SM HH channels

IV Results of the Full Parameter Scan
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FIG. 8: Comparison of all constraints on | sin↵| as a function of the heavy Higgs mass m in the high mass
region. The �1 perturbativity and perturbative unitarity constraint have been evaluated for tan� = 0.1.

masses fixed at 125.14GeV and vary the other, while in the intermediate mass region we treat both

Higgs masses as scan parameters. In the following we first present results for fixed mass m in order

to facilitate the understanding of the respective parameter space in dependence of sin↵, tan�.

These discussions will then be extended by a more general scan, where all parameters are allowed

to vary simultaneously. For each of these scans, we generate around O(105� 106) points. We close

the discussion of each mass region by commenting on the relevant collider phenomenology.

A. High mass region

In this section, we explore the parameter space of the high mass region, m 2 [130, 1000]GeV.

In general, for masses m � 600 GeV, our results agree with those presented in Ref. [41]. However,

we obtain stronger bounds on the maximally allowed value of | sin↵| due to the constraints from

the NLO calculation of mW [43], which has not been available for the previous analysis [41]. As

has been discussed in Section IIID, Fig. 3, the constraints from mW are much more stringent than

those obtained from the oblique parameters S, T , and U in the high mass region.

We compile all previously discussed constraints on the maximal mixing angle in Fig. 8. Fur-

thermore, the (one-dimensional) allowed regions in | sin↵| and tan� are given in Tab. II for fixed

values of m.12 Here, the allowed range of | sin↵| is evaluated for fixed tan� = 0.15 and we explicitly

specify the relevant constraint that provides in the upper limit on | sin↵|. We find the following

12 Note, that the upper limit on | sin↵| from the Higgs signal rates is based on a two-dimensional ��
2 profile (for

floating mh) in Fig. 8, whereas in Tab. II the one-dimensional ��
2 profile (for fixed mh) is used. This leads to

small di↵erences in the obtained limit.

20

[Robens, Stefaniak `15] 
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Figure 10: The cross section �(pp ! H1H1 +X) at NLO QCD at the LHC with c.m. energy
p
s = 14 TeV as a

function of the C2HDM mixing angle ↵2. All other parameters are given as in Eq. (4.59).

increase in the cross section. The largest value, given at ↵2 = 0.15, is 28.48 pb. The strong
increase at ↵2 = 0.03 can be understood by inspecting the H2 and H3 branching ratios. They
are shown in Fig. 11 for the decays into tt̄ (dashed) and H1H1 (full) for H2 (red) and H3 (blue).
The cross-over at ↵2 = 0, where H2 becomes heavier than H3 and they change their roles, is
clearly visible by the jump in the branching ratios. As can be inferred from the plot, the H2

branching ratio into H1H1 strongly increases for ↵2 � 0.03. The H2 mass value here drops
below the tt̄ threshold, so that this decay channel gets closed and the branching ratio into H1H1

becomes large and even dominating, as the H2 couplings to the gauge bosons are suppressed.
This increase explains the increase in the Higgs pair production cross section. Also resonant H3

production with subsequent decay into H1H1 plays a role for positive ↵2 although it is much
less important. At negative ↵2 only the H2 branching ratio into H1H1 is non-negligible and
contributes to the resonant production.

We now turn to the investigation of the K-factor, K = �NLO/�LO, which is displayed in
Fig. 12 together with the individual K-factors of the virtual and real corrections. Again, in the
total K-factor the NLO (LO) cross section is evaluated with NLO (LO) parton densities and
↵s. The K-factor varies between 1.99 at ↵2 = �0.13 and 2.07 at ↵2 = 0.15. Between ↵2 = 0.03
and 0.04, where the total cross section gets strongly enhanced, the K-factor increases a little
bit. The maximum deviation from the SM K-factor is found to be

�
K,↵2

max = 0.071 (4.66)

for ↵2 = 0.15. While the deviation in the K-factor is small, the deviation in the absolute cross
section is much more substantial. For ↵2 = 0.15 we have

�
�,↵2

max = 745 . (4.67)

mass e↵ects and work with a di↵erent pdf set.

20

[Gröber, Mühlleitner, Spira  `17] 

‣ Higgs pair production can 
receive large enhancement 
due to new resonant features
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Figure 11: The H2 (red) and H3 (blue) branching ratios into tt̄ (dashed/upper) and H1H1 (full/lower). At ↵2 = 0,
H2 and H3 change their role, causing the jump in the branching ratios.
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Figure 12: K-factors of the QCD-corrected gluon fusion cross section �(pp ! H1H1 + X) at the LHC with
c.m. energy

p
s = 14 TeV. The dashed lines correspond to the individual contributions of the QCD corrections,

Ki = ��i/�LO (i = virt, gg, gq, gq̄). The C2HDM mixing angle has been varied, while all other parameters are
given as in Eq. (4.59).

This exceeds by far the deviations found in the EFT approach, and is due to the resonant
production of a heavy Higgs boson, subsequently decaying intoH1H1. The resonant contribution
from H2 production with subsequent decay into H1H1 makes up 27.26 pb of the total cross

21

‣ Higgs pair production as BSM 
candles however in tension 
with top pair resonances

8

3.2 The NLO QCD Corrections in the C2HDM

The diagrams contributing to the LO production of a C2HDM Higgs pair HiHj are depicted in
Fig. 4. In contrast to the EFT approach, the cross section does not receive contributions from
the e↵ective couplings, obtained from integrating out heavy states. Furthermore, as we have
now three CP-violating Higgs states Hi, we can have di↵erent combinations of Higgs pairs in
the final state, and in the first diagram of Fig. 4 we have to sum over all three possible Higgs
boson exchanges Hk (k = 1, 2, 3). Finally, we have an additional diagram contributing to Higgs
pair production where a virtual Z boson couples to the triangle and subsequently decays into
a Higgs pair, cf. second diagram in Fig. 4. This diagram does not contribute for equal Higgs
bosons in the final state, as the coupling coe�cient c(ZHiHj) vanishes in this case. The LO
partonic cross section for the production of the Higgs pair HiHj (i, j = 1, 2, 3) can then be cast
into the form

�̂LO(gg ! HiHj) =

Z
t̂+

t̂�

dt̂
G

2
F
↵
2
s(µR)

256(2⇡)3(1 + �ij)

2

4
�����

 
3X

k=1

C
k

�,ijF
k

1

!
+ F2,ij

�����

2

+ |G1,ij |2

+

�����

 
3X

k=1

C
k

�,ijF̃
k

1

!
+ C

Z

�,ijF̃
Z

1 + F̃2,ij

�����

2

+ |G̃1,ij |2
3

5 , (3.42)

where

C
k

�,ij = �HkHiHj

M
2
Z

Q2 �M
2
Hk

+ iMHk
�Hk

C
Z

�,ij = �c(ZHiHj)
M

2
Z

Q2 �M
2
Z
+ iMZ�Z

(3.43)
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Figure 4: Generic diagrams contributing to C2HDM Higgs pair production in gluon fusion at LO.
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Figure 16: Production rates for the processes pp ! H# ! h125h125 (top row) and pp !

H" ! h125h125 (bottom row) as a function of the respective mass for the four C2HDM
types (same as figure 15) but with the extra condition �(pp ! H# ! ZZ) < 1 fb for the
top plots and �(pp ! H" ! ZZ) < 1 fb for the bottom plots.

mass. In the four types, the pp ! H# ! h125h125 rates can be quite large, reaching
about 4 pb in all types. The maximum values are similar in Type I and Lepton-Specific
for pp ! H" ! h125h125. In contrast, for Type II and Flipped, the largest rates in
pp ! H" ! h125h125 decrease by about an order of magnitude because in these cases the
heavier neutral scalar cannot be much lighter than the charged Higgs boson, which is heavy
to comply with B-physics constraints. In order to understand how relevant the searches
for the two scalar final states are we show in figure 16 the same rates as in the previous
figure 15 but with the extra condition �(pp ! H# ! ZZ) < 1 fb for the top plots and
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Figure 16: Production rates for the processes pp ! H# ! h125h125 (top row) and pp !

H" ! h125h125 (bottom row) as a function of the respective mass for the four C2HDM
types (same as figure 15) but with the extra condition �(pp ! H# ! ZZ) < 1 fb for the
top plots and �(pp ! H" ! ZZ) < 1 fb for the bottom plots.

mass. In the four types, the pp ! H# ! h125h125 rates can be quite large, reaching
about 4 pb in all types. The maximum values are similar in Type I and Lepton-Specific
for pp ! H" ! h125h125. In contrast, for Type II and Flipped, the largest rates in
pp ! H" ! h125h125 decrease by about an order of magnitude because in these cases the
heavier neutral scalar cannot be much lighter than the charged Higgs boson, which is heavy
to comply with B-physics constraints. In order to understand how relevant the searches
for the two scalar final states are we show in figure 16 the same rates as in the previous
figure 15 but with the extra condition �(pp ! H# ! ZZ) < 1 fb for the top plots and
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Figure 17: Production rates for the process pp ! H" ! H#h125 as a function of the
heavier Higgs boson mass, for all C2HDM types.

�(pp ! H" ! ZZ) < 1 fb for the lower plots. It is clear from the plots that, with the
extra restriction on the ZZ final state, the cross sections now barely reach 10 fb for the two
decay scenarios and for all types. Hence, although possible, it will be very hard to detect
the new scalars in the h125h125 final state if they are not detected in the ZZ final state.
One should note that the cross section for di-Higgs production in the SM is about 33 fb.
Consequently, a resonant di-Higgs final state such as the one presented in figure 15 would
easily be detected because the cross sections can reach the pb level. However, it is also
clear that once we force �(pp ! H" ! ZZ) < 1 fb it is no longer possible to detect these
di-Higgs states even at the High Luminosity LHC.

In figure 17 we show the production rates for the process pp ! H" ! H#h125 as a
function of the heavier Higgs mass, for all C2HDM types. For this channel the rates can
reach at most about 100 fb, and only for Type I and Flipped. In Type II the rates are
at most at the fb level. The rates for the H#h125 final state with the extra condition
�(pp ! H" ! ZZ) < 1 fb are shown in figure 18. The maximum rates (for low masses) are
now reduced by about a factor of 5 for Type I. However, the rates do not decrease much
for the Flipped C2HDM, and some signal at LHC Run 2 could point to this C2HDM type.
Finally, although H" ! H#h125 appears hard to detect in these models it is nevertheless a
clear signal of non-minimal models and should therefore be a priority for the LHC Run 2.

We end this section with the production rate for the process pp ! h125 ! H#H# as
a function of the lighter Higgs mass for the various C2HDM types, which are shown in
figure 19. Most points correspond to a mass of the heavier state above 125 GeV. But, as
shown in figure 8, in the Type I and Lepton-Specific cases there are still solutions with
H3 = h125. Here the rates can be quite large if the lightest Higgs has a mass below 60 GeV.
For this region the production rates can reach 10 pb (30 pb) for Type I and Lepton-Specific

– 28 –

[Fontes, Mühlleitner, Romao, Santos, Silva, Wittbrodt `17] 

[Grzadkowski, Haber, Ogreid, Osland`18] 

operator exact AL O(e2/v) O(e3/v)

H1H1H1 M
2
1 /(2v) 0 0

H2H2H2
1
2q2 (M2

2 �M
2
H±)/v 0

H3H3H3
1
2q3 0 (M2

3 �M
2
H±)/v

H1H1H2 0 (4M2
H± �M

2
2 � 2vq1)/(2v) 0

H1H1H3 0 0 (4M2
H± �M

2
3 � 2vq1)/(2v)

H2H2H1 (2M2
2 � 2M2

H± + vq1)/(2v) �q2 0

H3H3H1 (2M2
3 � 2M2

H± + vq1)/(2v) 0 �q3

H2H2H3
1
2q3 0 (M2

2 �M
2
H±)/v

H3H3H2
1
2q2 (M2

3 �M
2
H±)/v 0

H1H2H3 0 �q3 �q2

HiH
�
H

+
qi 0 0

Table 3. Coe�cients of cubic (non-Goldstone) scalar operators expanded around the alignment
limit (AL) without decoupling up to O(e2,3/v). The second, third and fourth columns show the
exact alignment result and coe�cients of e2/v and e3/v, respectively. If the alignment limit is
realized via decoupling, then certain results of this table are modified as shown in Table 4.

operator exact AL O(e2/v) O(e3/v)

H1H1H1 M
2
1 /(2v) �e2M

2
H±/v

2 �e3M
2
H±/v

2

H1H1H2 3e2M2
2 /(2v

2) (2M2
H± � 2M2

2 � vq1)/v 0

H1H1H3 3e3M2
3 /(2v

2) 0 (2M2
H± � 2M2

3 � vq1)/v

H2H2H1 (2M2
2 � 2M2

H± + vq1)/(2v) �q2 + 2e2M2
2 /v

2 0

H3H3H1 (2M2
3 � 2M2

H± + vq1)/(2v) 0 �q3 + 2e3M2
3 /v

2

H1H2H3 0 �q3 + 2e3M2
3 /v

2 �q2 + 2e2M2
2 /v

2

Table 4. Coe�cients of cubic scalar operators expanded around the alignment limit (AL), where
the alignment is realized via decoupling, up to O(e2,3/v). See caption to Table 3. Note that
e2M

2 and e3M
2 (for M = M2, M3 or MH±) approach a finite nonzero value in the limit of exact

decoupling (i.e., as M ! 1). Further explanations are provided in the text.

In the approximate alignment limit without decoupling, all scalar squared masses are of

O(v2). In light of Table 8, the coe�cient of the H1H1H2 operator is

v


e2(4M2

H± �M
2
2 � 2vq1)

2v3
+O(e22/v

2
, e

2
3/v

2)

�
, (6.16)

where we have explicitly exhibited the terms of O(e2/v) inside the bracketed expression

above [note that there are no terms of O(e3/v)]. In the exact alignment limit (where

we set e2 = e3 = 0), the coe�cient of the H1H1H2 operator vanishes. In contrast, in

the decoupling regime, M
2
2 , M

2
H± � v

2, and the expansion in the small parameters is

organized di↵erently. In particular, using the results of Appendix D.3, one can derive

eq. (D.47), which yields,

e2M
2 ' v

3Re (Z6e
�i✓23) , e3M

2 ' �v
3Im (Z6e

�i✓23) , for M = M2,M3,MH± ,

(6.17)
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FIG. 3: NMSSM: Scatter plots for scenarios passing our applied constraints: Higgs pair production cross sections normalized
to the SM value for SM-like Higgs pairs decaying into (bb̄)(bb̄) (left) and A#A# Higgs pairs decaying into (bb̄)(bb̄) (right) as a
function of the exclusion luminosity.
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FIG. 4: NMSSM: Scatter plots for 4b final state rates from
A#A# production normalized to the SM rate as a function of
mA# . The colour code denotes the exclusion luminosity.

Higgs mass, however, there are parameter points where
the exclusion luminosities can exceed the 100 fb�1 and
even 1 ab�1 while still featuring large rates. The reason
is that these points are not excluded from single Higgs
searches as light Higgs states with dominant decays into
bb̄ final states are di�cult to probe. On the other hand
this enhancement combined with the large di-Higgs pro-
duction cross section implies huge 4b final state rates,
that may be tested at the high luminosities, but with as-
sociated experimental di�culties. This is a nice example
of the interplay between di�cult single-Higgs searches
and large exotic di-Higgs rates, where new physics may
be found.

IV. BENCHMARKS AND PHENOMENOLOGY

A. Type 1 Benchmarks

We describe a representative set of benchmarks of the
C2HDM T1 model and their associated (exotic) multi-
Higgs phenomenology. The input parameters, the de-
rived third neutral Higgs boson mass, the CP-odd admix-
tures in terms of the squared mixing matrix elements R2

i3

and the exclusion luminosity Lexcl are given in Tab. VI.
We also give the NLO QCD gluon fusion hh production
cross section at

p
s = 14 TeV together with its K-factor,

given by the ratio of the NLO cross section to the LO one.
In Table VII we present the 4b, (2b)(2⌧) and (2b)(2�)
rates from Higgs pair production normalized to the rate
expected in the SM from Higgs pairs relevant for the dis-
cussion of the various benchmark points.

• T1BP1 - Highest exclusion lumi: The point
with the highest exclusion luminosity in the com-
plete sample.

The exclusion luminosity for this point is found to
be 11.5 ab�1, i.e. well above the LHC design lu-
minosity even after the high luminosity phase. All
di-Higgs cross sections involving non-SM-like Higgs
bosons have values below the SM reference point.
Altogether this benchmark point behaves very SM-
like as expected for such a high exclusion luminos-
ity. The neutral Higgs mass spectrum is relatively
degenerate with all masses in the vicinity of the
SM-like Higgs boson at approximately 125 GeV.
The SM-like Higgs pair production cross section
for this point is SM-like; bb̄�� is about 10% be-
low the SM expectation while bb̄⌧⌧ and bb̄bb̄ are
slightly enhanced by 5%, cf. Tab. VII. The cases
when a SM Higgs is accompanied by an additional
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rate, and only by a factor of about 2.4. The maximum
enhancement found in the (2b)(2�) final state is about
2.4. All other final states lead to smaller rates than in
the SM.

From these considerations we can conclude that there
are promising di-Higgs signatures with large rates in the
C2HDM T1 both for SM-like Higgs pair production but
also for final states with non-SM-like Higgs bosons. The
exotic Higgs bosons appear in SM-like final states, how-
ever, with di↵erent kinematic correlations due to di↵erent
masses. This highlights the need to conduct Higgs pair
analyses in a broad range of kinematic possibilities. Fur-
thermore, the strict constraints on T2 scenarios, would
exclude the model if di-Higgs signatures much larger than
in the SM are found.

2. NMSSM

In Table V we summarize for the NMSSM the max-
imum di-Higgs production cross section values found in
the sample of valid parameter points that are not ex-
cluded at a luminosity of 64 fb�1. All cross sections are
calculated at LO QCD and hence still increase by approx-
imately a factor two when QCD corrections are included.
By A# we denote the lighter of the two pseudoscalar Higgs
bosons.

HiHj NMSSM

hh 67

hH# 26

hA# 493

hH" 25

H#H# 4114

H#H" 1.20

H"H" 0.09

A#A# 15894

TABLE V: NMSSM: Maximum cross section values in fb for
LO gluon fusion into Higgs pairs, �(gg ! HiHj) with an
exclusion luminosity � 64 fb�1 that satisfy all theoretical and
experimental constraints described above.

The reason for the large enhancement of �(gg ! hh)
is the intermediate resonant production of heavy Higgs
bosons H# and H" with subsequent decay into a SM-
like Higgs pair. The H#H# production cross section
is so large because of the smallness of the H# mass,
mH# = 39.52 GeV. The enhancement in hA# production
is due to the resonant A2 ⌘ A" production with subse-
quent decay into hA#. The huge enhancement in A#A#
production is on the one hand due to the smallness of
the A# mass of mA# = 37 GeV, on the other hand due to
the resonant H" production with subsequent decay into
A#A# (the resonant H# production plays a minor role).
Searches for relatively low mass states are performed in
the �� [155] and ⌧⌧ [156] channels, however, with rather

limited sensitivity.

Experimental accessibility and exclusion luminosity

In Fig. 3 we show for all parameter points that pass
our applied constraints, the NMSSM cross section values
of SM Higgs pair production in the (bb̄)(bb̄) final state
(left) and for A#A# production in the (bb̄)(bb̄) final state
(right) normalized to the corresponding SM values as a
function of the exclusion luminosity.
As can be inferred from Fig. 3 (left), the 4b final state

rates from SM-like Higgs pair production exceed the SM
reference value by less than a factor 10 and only for
lower exclusion luminosities. Large enhancement fac-
tors are basically limited by the LHC upper limits on
heavy resonant scalar production with subsequent de-
cay into a SM-like Higgs pair. The situation looks even
less promising in the production of an SM-like Higgs bo-
son together with the lighter of the CP-even non-SM-like
Higgs bosons, where only an enhancement factor slightly
above 2.3 at most is found. This is the case for high ex-
clusion luminosities beyond 1 ab�1 so that nevertheless
this process might be accessible at high luminosities. The
situation is di↵erent in the production of hA#. Because
the lighter pseudoscalar can be relatively light and decays
dominantly into (bb̄)‡‡ we can have enhancement factors
above 10 up to about 45 in the 4b state. This makes it
particularly interesting, moreover in view of the exotic
final state with two di↵erent Higgs masses in di-Higgs
production. The enhancement factors can become huge
in A#A# production, which is mainly due to the lightness
of A#. In 4b production it can be up to 1000. For larger
exclusion luminosities the enhancement factor can still
be a factor up to 10, cf. Fig. 3 (right). In the (bb̄)(��)
final state the enhancement can be larger than 100 up to
about 360.
Figure 4 nicely summarizes the situation of the en-

hanced di-Higgs cross sections involving very light Higgs
bosons. It shows the production of A#A# with subsequent
decay in the 4b final state normalized to the value of the
corresponding process for the SM-like di-Higgs produc-
tion, as a function of the mass of the light pseudoscalar.
The color code denotes the exclusion luminosity. For
very light masses below 125 GeV (note the gap around
125 GeV is due to our scan procedure) the rates are
largely enhanced because of the large di-Higgs produc-
tion cross sections. With increasing mass the rates de-
crease. The exclusion luminosities are high for exotic
Higgs masses above 125 GeV and below the top-pair
threshold. Above the top-pair threshold the exclusion
luminosities are much lower due to the exclusion limits
in the top-pair final state. For masses below the SM-like

‡‡Note that typical trigger criteria are too selective to directly observe
pp ! A# ! bb̄.

fb at 14 TeV

‣ SM-like searches, exotics searches and Higgs signal strength 
extrapolations provide (model-specific) complementary 
constraints

[Basler, Dawson, CE, Mühlleitner `18]
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‣ large potential of the Higgs decays into different mass Higgs 
bosons, benchmarks available

[Baum, Shah `19]

[Basler, Dawson, CE, Mühlleitner `18] 
[Baum, Shah `19]

‣ phenomenological prospect for di-Higgs high, due to insensitivity in 
in prompt                     (large QCD backgrounds, triggers) a ! bb̄
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special role of top quarks
‣ large interference effects of Higgs “signal” with QCD background
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Figure 1: Distributions of the invariant mass of the tt̄ pair from the decay of a pseudoscalar A of mass mA =
500 GeV before the emission of final-state radiation and before the parton shower for the pure resonance S (filled)
and signal+interference contribution S + I (unfilled). Events from all tt̄ decay modes are included.

Correction factors KS were applied to normalize the generated signal (S ) cross-section to the value cal-
culated at partial next-to-next-to-leading-order (NNLO) precision in QCD [50–52]. The correction factor
for the interference component I is KI =

p
KS ⇥ KB, as suggested in Ref. [53], where KB = 1.87 is

the correction factor to normalize the total cross-section of the SM tt̄ background generated at LO with
MadGraph to the cross-section calculated at NNLO accuracy in the strong coupling constant ↵S, including
resummation of next-to-next-to-leading-logarithmic soft gluon terms. The values of KS range between
two and three for the tested signal hypotheses.

3 Event selection

The event selection criteria for the signal regions provide a high selection e�ciency for tt̄ events. Only
events with a resolved topology, in which the three jets from the hadronically decaying top quark are well
separated in the detector, are selected. This is the most e�cient selection strategy for signal hypotheses
with mA/H < 800 GeV. Events with a merged topology, in which the top quark is reconstructed as a single
jet, are not considered. The event reconstruction and selection criteria are identical to those in Ref. [22]
except that events that would satisfy the criteria for both topologies are classified as “resolved” instead of
“merged”.

Events are required to contain exactly one isolated electron [54] or muon [55] with pT > 25 GeV and
pseudorapidity |⌘| < 2.5 [56]. Events must have large missing transverse momentum, Emiss

T > 20 GeV,
computed as the magnitude of the negative vector sum of lepton and jet transverse momenta [57]. In
addition, Emiss

T + mW
T > 60 GeV, is required to further suppress the contribution from multijet events,

where mW
T is the lepton–Emiss

T transverse mass [22]. Events must contain at least four hadronic jets with
pT > 25 GeV and |⌘| < 2.5, reconstructed using the anti-kt algorithm [58, 59] with radius parameter
R = 0.4. Jets from additional collisions in the same bunch crossing are rejected using dedicated tracking
and vertex requirements [60]. At least one of the jets must be identified as originating from the decay of
a b-hadron (b-jet) using a multivariate tagging algorithm with a 70% e�ciency for b-jets and light-quark
and gluon mistag rates of 0.5-2% [61].

4

[ATLAS `17]

‣ top resonance searches in Higgs sector extensions with narrow 
width approximation is inadequate!

12

4

t� ↵1,2,3 Re(m2
12) [TeV

2] mH± [TeV] mHi,j 6=h [TeV]

min 0.8 �
⇡

2 0 0.15/0.59 0.01

max 20 ⇡

2 0.5 1.5 1.5

TABLE II: C2HDM scan: All parameters are varied inde-
pendently between the given minimum and maximum values.
The two minimum values of the charged Higgs mass range
refer to the scan in the C2HDM T1 and T2, respectively. For
more details, see text.

denoted by h, to be mh = 125.09 GeV [32]. In Tab. II
we summarise the ranges of the other scan parameters.
Note that the third neutral Higgs boson mass mHj 6=Hi,h

is calculated from the other input values and forced to lie
in the interval given in Tab. II. In order to circumvent de-
generate Higgs signals, we additionally impose mHi,j 6=h

to be 5 GeV away from 125 GeV. The SM input pa-
rameters are chosen as in the scan for the CxSM. In our
scan we neglect parameter points with Re(m2

12) < 0, as
they are extremely rare. We check all parameter points
at the 2� exclusion level in the mH± � tan� plane for
compatibility with the flavour constraints on Rb [62, 63]
and B ! Xs� [63–67] Applying the results of [67] we re-
quire mH± to be above 590 GeV in the C2HDM T2. In
the C2HDM T1, on the other hand, the bound is much
weaker and depends more strongly on tan�. Our re-
tained parameter points are put in agreement with the
electroweak precision data by demanding 2� compatibil-
ity with the SM fit [68] of the oblique parameters S, T
and U , including the full correlation among the three
parameters. The necessary 2HDM formulae are given
in [52, 69]. For the check of the compatibility with the
Higgs data we proceeded as in the CxSM, with the di↵er-
ence that we obtained the here necessary branching ratios
from the C2HDM implementation C2HDM HDECAY [58] in
HDECAY [42, 43]. Further details, can be found in [28, 58].

Since we work in the C2HDM, we also have to check for
agreement with the measurements of the electric dipole
moment (EDM), with the strongest constraint originat-
ing from the electron EDM [70]. We take the experimen-
tal limit given by the ACME collaboration [71]. Like for
the CxSM we also checked if the final scenarios induce a
strong first order phase transition [49, 72]. Also here we
found that for none of them this is the case.

III. INTERFERENCE EFFECTS: TOP VS.
DI-HIGGS FINAL STATES

A. Setup

Based on the scan detailed in Sec. II, we implement the
pp ! Hi ! tt̄ and pp ! Hi ! hh resonant amplitudes
into Vbfnlo [73–76], where Hi denotes any of the non-
SM-like heavy Higgs bosons of the CxSM or C2HDM,
respectively. For the parameter regions investigated here
the main production channel is given by gluon fusion.

The one-loop (leading order) computation uses Form-
Calc/LoopTools [77, 78]. Various cross checks against
MadGraph [79] and other results [5, 80–82] have been
carried out. We do not include b quark loops throughout
as they are negligible for the parameter regions studied
in this work.

We select one state Hi, defined as the signal, and com-
pute the squared amplitude for the gg ! Hi ! tt̄/hh

process:

d�os
i

⇠ |Msig(gg ! Hi ! XX̄)|2 , X = t, h , (18)

where M is the signal amplitude given by the s-channel
one-loop diagrams shown in Fig. 1. This cross section
can be understood as the on-shell cross section that one
would obtain from �-times-branching ratio estimates. To
obtain these cross sections and put them in relation to
interference e↵ects, we integrate the cross sections within

|m(tt̄/hh) � mHi | < 2 �Hi . (19)

We keep track of the interference e↵ects with the SM
“background” and BSM signal. The former is given by
continuum gg ! tt̄ production, Fig. 2, for the tt̄ final
state, and by box, Fig. 2, and o↵-shell h-induced gg ! hh

contributions for the hh final state. The latter derives
from the competing gg ! Hj 6=i ! hh diagrams, Fig. 1.
This gives rise to an estimate of the observed cross section
in the presence of interference e↵ects:

d�i ⇠ |Msig(gg ! Hi ! XX̄)|2

+ 2 Re
�
MsigM

⇤
bkg(Hj 6=i, cont.)

 
, (20)

where “cont.” stands for the continuum tt̄ or hh “back-
ground” and (o↵-shell) Hj 6=i contributions as mentioned
above, including the SM-like h.

The scans described in the previous section show that
there are viable parameter choices with the tendency to
produce quasi-degenerate mass spectra in the C2HDM
when both tt̄ and hh decay channels are open. We de-
fine the two non-SM states as “degenerate” when their
mass splitting is less than 10% of the heavy scalar’s mass.
This accounts for most of the parameter points that are
described in Sec. II.

For parameter points that have very small cross sec-
tions in either of the two channels, interference e↵ects
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FIG. 1: Representative signal diagram contributing to tt̄ and
hh resonance searches. h denotes the light SM-like state with
mh ' 125 GeV, while Hi denotes the remaining heavy Higgs
bosons that arise in the C2HDM and CxSM.
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FIG. 2: Representative non-resonant “background” diagrams contributing to pp ! tt̄ (a,b) and pp ! hh (c) searches (di↵erent
fermion flows are understood implicitly). The o↵-shell h-induced background contribution derives from graphs shown in Fig. 1
with an o↵-shell h running in the s-channel.
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FIG. 3: Ratio of signal+interference cross section � and OS cross-section �
os (for definition, see text) in pp ! hh and pp ! tt̄

for degenerate non-SM-like Higgs states. Points are pre-selected to have resonance cross sections of at least 170 fb at LO in
the tt̄ and 8 fb in the hh channels. Left: 2HDM type 1, right: 2HDM, type 2.

when considered in relation to the on-shell signal defini-
tion can be very large, however in this case they have lit-
tle phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp ! tt̄ and pp ! hh. For pp ! tt̄ we re-
quire at least 170 fb before the inclusion of K factors,
for pp ! hh we demand at least 8 fb. This amounts to
about O(0.5 pb) [83, 84] when higher-order corrections
are included for tt̄ final states and ' 16 fb for hh pro-
duction [85–92].

B. Results and Discussion

1. The C2HDM

In order to investigate the e↵ects from interferences
for the hh and tt̄ final states, we introduce the ratio
of the signal plus interference cross section � (defined
in Eq. (20)) and the signal cross section �

os (defined in

Eq. (18) for the requirement Eq. (19)), i.e.

R(xx) =
�(xx)

�os(xx)
, xx = hh, tt̄ . (21)

In Fig. 3(a) we show R(hh) versus R(tt̄) for the C2HDM
type 1 for degenerate non-SM-like Higgs states, i.e. states
whose masses di↵er by less than 10%. As can be in-
ferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large en-
hancement or suppression of the Hi ! tt̄ signal while
the hh rate can be either enhanced or reduced. Points
with large constructive interference e↵ects in the tt̄ final
state are likely to be constrained through pp ! tt̄ mea-
surements. We also obtain parameter points for which
interference e↵ects decrease the search potential in both
the tt̄ and hh channels. Having simultaneous contribu-
tions from signal-signal (i.e. interference between the two
s-channel Hi 6= h contributions) and signal-background
interference for the resonance masses not too far away
from each other, both e↵ects contribute when we ob-
tain a simultaneous enhancement in the tt̄ and hh rates.

+ …..

+

[Gaemers, Hoogeveen `84] [Dicus et al. `94] [Carena, Liu `16]…
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FIG. 4: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
as dashed lines. The interference-corrected cross sections, Eq. (20), are depicted as solid lines. The spectra arise from the
parameter point BP1, see Tab. III.
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FIG. 5: Comparison of the invariant mass distribution for pp ! tt̄ (left) and pp ! hh (right) at 13 TeV at LO for the di↵erent
states Hi 6= h (blue: Hi = H2, red: Hi = H3). We show the signal gg ! tt̄ and gg ! hh production following Eq. (18)
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parameter point BP2, see Tab. III.
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‣ destructive interference in top final 
states can be correlated with HH 
enhancement
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FIG. 2: Representative non-resonant “background” diagrams contributing to pp ! tt̄ (a,b) and pp ! hh (c) searches (di↵erent
fermion flows are understood implicitly). The o↵-shell h-induced background contribution derives from graphs shown in Fig. 1
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FIG. 3: Ratio of signal+interference cross section � and OS cross-section �
os (for definition, see text) in pp ! hh and pp ! tt̄

for degenerate non-SM-like Higgs states. Points are pre-selected to have resonance cross sections of at least 170 fb at LO in
the tt̄ and 8 fb in the hh channels. Left: 2HDM type 1, right: 2HDM, type 2.

when considered in relation to the on-shell signal defini-
tion can be very large, however in this case they have lit-
tle phenomenological importance. We therefore filter our
results with some minimum cross section requirements
for both pp ! tt̄ and pp ! hh. For pp ! tt̄ we re-
quire at least 170 fb before the inclusion of K factors,
for pp ! hh we demand at least 8 fb. This amounts to
about O(0.5 pb) [83, 84] when higher-order corrections
are included for tt̄ final states and ' 16 fb for hh pro-
duction [85–92].

B. Results and Discussion

1. The C2HDM

In order to investigate the e↵ects from interferences
for the hh and tt̄ final states, we introduce the ratio
of the signal plus interference cross section � (defined
in Eq. (20)) and the signal cross section �

os (defined in

Eq. (18) for the requirement Eq. (19)), i.e.

R(xx) =
�(xx)

�os(xx)
, xx = hh, tt̄ . (21)

In Fig. 3(a) we show R(hh) versus R(tt̄) for the C2HDM
type 1 for degenerate non-SM-like Higgs states, i.e. states
whose masses di↵er by less than 10%. As can be in-
ferred from the figure, there is a broad range of possible
phenomenological outcomes. We can have a large en-
hancement or suppression of the Hi ! tt̄ signal while
the hh rate can be either enhanced or reduced. Points
with large constructive interference e↵ects in the tt̄ final
state are likely to be constrained through pp ! tt̄ mea-
surements. We also obtain parameter points for which
interference e↵ects decrease the search potential in both
the tt̄ and hh channels. Having simultaneous contribu-
tions from signal-signal (i.e. interference between the two
s-channel Hi 6= h contributions) and signal-background
interference for the resonance masses not too far away
from each other, both e↵ects contribute when we ob-
tain a simultaneous enhancement in the tt̄ and hh rates.

C2HDM T2
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phenomenology in perspective

exotics with large couplings to tops

below top pair threshold 
• compressed spectra 
• single Higgs competitive 

except b-final states 
(trigger etc…)

above top pair threshold 
• tt final states typically preferred 
• analysis highly model-

dependent due to dedicated S-B 
interference

opportunity for diHiggs

top interactions dominant

Higgs interactions dominant

above Higgs pair threshold 
• (multi) resonant diHiggs production (hh, hH,…)

opportunity for diHiggs

opportunity for diHiggs
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Figure 3.13: Cross sections for H ! hh ! bb̄bb̄ in 13 TeV pp collisions produced via gluon fusion
(left) or vector boson fusion (right) as a function of the H mass in the Georgi-Machacek model. The
points represent a scan over the full model parameter space imposing only theoretical constraints.
Red and violet points are already excluded by other searches.

and has no deeper minima than the desired vacuum [304]. The resulting signal cross sections are
shown in Fig. 3.13 as a function of the H mass. We include only the resonant processes of Eqs. (3.47)
and (3.48), and do not consider interference with the non-resonant SM-like pp ! h§ ! hh ! bb̄bb̄
process (for comparison, the total SM cross sections times branching ratios for the non-resonant
g g ! hh ! bb̄bb̄ and VBF! hh ! bb̄bb̄ processes are 10 fb [24] and 0.55 fb [13], respectively).

In red we indicate the scan points that are excluded by existing LHC searches other than H !
hh. The most stringent of these is a CMS search for doubly-charged scalar production in VBF with
decays to like-sign W bosons using 35.9 fb°1 of pp data at 13 TeV [305], which sets an upper bound
on the production cross section of H±±

5 as a function of its mass.

In violet we indicate the scan points that are allowed by direct searches but excluded by mea-
surements of the 125 GeV Higgs boson properties. We apply the constraint by using HiggsSignals
2.2.1 [224] to compute a p-value, which we require to be larger than 0.05 for the point to be allowed
at the 95% confidence level. Because we want to apply the constraint separately for each scan point,
we take the number of free model parameters to be zero in the calculation of the p-value. This max-
imises the p-value and (conservatively) excludes the smallest number of points. The black points in
Fig. 3.13 are still allowed after applying these constraints.

The thick blue line in the left panel of Fig. 3.13 shows the current ATLAS limit on æ(pp !
Scalar ! hh ! bb̄bb̄) using 27.5–36.1 fb°1 of pp data at 13 TeV [144]. This search already excludes
new parameter space in the GM model for mH between about 300 GeV and 1 TeV that is not oth-
erwise constrained by previous searches. The model therefore serves as a useful benchmark for
interpreting H ! hh searches that will be performed using the full LHC Run 2 dataset.

3.5 New Particles in the Loop
S. Dawson, I. M. Lewis

BSM physics can contribute to di-Higgs production through new colored scalars [178, 306–310] or
fermonic [311–318] particles contributing to the loop amplitudes. If new particles get their masses
from a different source than the Higgs, the contributions to single and double Higgs production
can be different [313]. These new particles can then significantly change the rates as well as the
kinematic distributions in double production and keep single Higgs production close to the SM

[Logan/di Micco et al. `19] 

[Degrande, Hartling, Logan, Peterson, Zaro `15]

e.g. [Chang, Chen, Chiang `17]

‣ custodial triplet extensions à la Georgi-Machacek contain an 
extremely rich Higgs sector phenomenology  

‣ not as well explored as 2HDMs but Monte Carlo tool chain and 
precision predictions well developed
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composite triplets

perhaps less appreciated:  The GM structure is reproduced in realistic 
(UV-complete) theories of SU(4)c Higgs compositeness SU(5)/SO(5)

[Ferretti `14] 
[Golterman, Shamir `17] 

…‣ little a priori knowledge about LEC parameters                     
(baryonic 4-pt correlators massively complicated) 

‣ if no significant triplet vev component, pair production has to 
proceed through gauge interactions

2

with fermions transforming as  2 6,� 2 4, �̃ 2 4̄ under the “hyper colour” gauge group Hc = SU(4). Strong SU(4)
dynamics cause the breakdown of the global symmetries GF

SU(5) ! SO(5) , (2)

and

SU(3) ⇥ SU(3)0 ! SU(3), (3)

as well as the breaking of U(1)0. The author of [17] argues that Eq. (2) occurs at a higher scale than Eq. (3); the low
energy e↵ective theory can then be parametrised by the coset

GF /HF =
SU(5)

SO(5)
⇥ SU(3) ⇥ SU(3)0

SU(3)
⇥ U(1)0 . (4)

The unbroken global symmetry group HF contains the subgroup

HF � SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X , (5)

which can be weakly gauged to arrive at the SM gauge structure.
The symmetry breaking pattern leaves a number of distinct exotics in the theory’s spectrum (for instance there is a

“hypergluon” [36–38] and an inert singlet). Our analysis targets the enlarged Higgs spectrum compared to MCHM4 [7]
or MCHM5 [39]. The Nambu Goldstone bosons that arise from SU(5) ! SO(5) transform under SU(2)L ⇥U(1)Y as

10 + 2±1/2 + 30 + 3±1 , (6)

and we can interpret the 2±1/2 multiplet as the SM Higgs field. Weakly gauging the electroweak group as part of
Eq. (5), together with the presence of a heavy top quark, induces a Coleman-Weinberg potential [40] for this multiplet,
which triggers electroweak symmetry breaking as the vacuum becomes dynamically misaligned with respect to the
SU(2)L ⇥ U(1)Y (Y = T 3

R
+ X) preserving direction [4].

A phenomenological smoking gun of this scenario is the appearance of a 3±1 multiplet, which contains a doubly
charged Higgs boson that, however, has no relation to the electroweak scale as vacuum misalignment proceeds entirely
through 2±1/2 interactions. This phenomenological situation is vastly di↵erent from other Higgs triplet scenarios [24–
27, 41]: firstly, tension with the ⇢ parameter (either in custodial [42] or non-custodial realisations [41]) is relaxed and
related fine-tuning is absent. Secondly, since 30,±1 do not participate in electroweak symmetry breaking, they will
not leave an observable signature in weak boson fusion final states [28–30, 43–45], which are particularly suited to
custodial Higgs triplet models. Instead their production will need to happen through pair production [41] entirely
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FIG. 1: Typical Feynman diagram contributing
to the decay H

�� ! W
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� in the Lagrangian
eigenbasis.

fixed by the quantum numbers of the weak isotriplet.
With the only distinction of Eq. (4), the model of [17] follows the

paradigm of the MCHM scenario; massive bottom and top quarks
are included through partial compositeness [6, 46] by introducing
three top partners {Ti} and one bottom partner B that lift the
fundamental t, b masses. Similar to MCHM5, this introduces a
range of e↵ective Higgs-fermion interactions. The interaction most
relevant to the present work is given by [17]

L � �
p

2i�q b̄LXRH
�� + h.c. (7)

where X denotes a top partner with charge 5/3 that is charac-
teristic for custodial symmetry preserving composite Higgs scenar-
ios [21].⇤ The X field together with four other top-like fields in
MCHM5 forms a charged current that couples to the W field. The decay of the doubly charged Higgs boson into same
sign W s, albeit absent at tree-level, hence proceeds at loop level through including a mass insertion, as indicated
in Fig. 1. This decay is therefore directly related to the mixing angles that generate the physical b quark mass†.

⇤
Note that the chirality structure of the interaction Eq. (7) will induce higher-dimensional CP-violating e↵ective interactions, see below.

Similar loop-induced e↵ects are present in the SM as well.

†
This is similar to the decay H ! ��, gg in the SM, with the photons and gluons standing in no relation to spontaneous symmetry

breaking.

partial compositeness + WZW

PoS(CHARGED2018)008

Doubly charged Higgs searches with ATLAS Giulia Ucchielli

1. Doubly charged Higgs bosons

Doubly charged Higgs bosons (H±±) appear in many extensions of the Standard Model, such as
left-right symmetric models (LRSM) [1], Higgs triplets (HTM) [2, 3], Zee-Babu [4, 5] or Georgi-
Machacek [6] models. Here we concentrate on the phenomenology of LRSM and HTM, which
both introduce a Higgs boson triplet containing H±± and which were investigated by the ATLAS
experiment [7]. Neutrino mass generation happens through the See-Saw mechanism. In LRSM
right-handed counterparts for fermions, as well as for Z and W bosons, appear and restore the
symmetry in weak interactions at energy scales of ⇠TeV.

1.1 Production and decay

The dominant production mode for H±± at the LHC is Drell-Yan pair production, as shown in
Figure 1. The cross-section for this process depends on the model and on the mass of the H±±. It
varies between ⇠ 10�3 � 10 fb, decreasing rapidly with mH±± . Single H±± production via vector
boson fusion or H±± associated production with H± have a lower cross-section compared to pair
production, and are here neglected [8].

q̄

q

Z/g⇤

H++

H��

Figure 1: Doubly charged higgs boson pair production via Drell-Yan.

The branching ratio for H±± depends on the vacuum expectation value (VEV) of the Higgs triplet1

containing H±±. For very small values of the VEV H±± decay into pairs of leptons, while for
larger values of the VEV the main decay mode is H±± ! W±W±. In the following, only decays
into light leptons (e,µ) are considered, either originating from H±± or W±.

2. Search for HHH±± !!! `̀̀± `̀̀±

The analysis presents a clean signature composed by two-to-four leptons [9]. The 4` final state has
an efficiency⇥acceptance (A⇥e) of 57.2%, followed by 33.7% in the 3` final state and 9.1% in the
2` channel. Table 1 shows the definition of the analysis regions. Each signal region is defined by the
presence of at least one same-sign lepton pair; the kinematics of the pair is exploited to set a lower
cut on the pair pT > 100 GeV and DR < 3.5. When two same-sign pairs are present in the event,
an optimised mass-equality requirement is used to select signal events. The major background
for this topology arises from misreconstructed objects: electron charge misidentification and non-
prompt (also referred to as fake) leptons. The latter component is identified with leptons which
originate from secondary decays of particles inside jets, wrongly reconstructed as coming from the

1The VEV is bounded by r = M2
WL

/cos2qW M2
Z precision measurements to be < 1 GeV.

1

Drell-Yan pair production
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composite triplets

[Ferretti `14] 
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(baryonic 4-pt correlators massively complicated) 

‣ if no signifcant triplet vev component, pair production has to 
proceed through gauge interactions
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with fermions transforming as  2 6,� 2 4, �̃ 2 4̄ under the “hyper colour” gauge group Hc = SU(4). Strong SU(4)
dynamics cause the breakdown of the global symmetries GF

SU(5) ! SO(5) , (2)

and

SU(3) ⇥ SU(3)0 ! SU(3), (3)

as well as the breaking of U(1)0. The author of [17] argues that Eq. (2) occurs at a higher scale than Eq. (3); the low
energy e↵ective theory can then be parametrised by the coset

GF /HF =
SU(5)

SO(5)
⇥ SU(3) ⇥ SU(3)0

SU(3)
⇥ U(1)0 . (4)

The unbroken global symmetry group HF contains the subgroup

HF � SU(3)c ⇥ SU(2)L ⇥ SU(2)R ⇥ U(1)X , (5)

which can be weakly gauged to arrive at the SM gauge structure.
The symmetry breaking pattern leaves a number of distinct exotics in the theory’s spectrum (for instance there is a

“hypergluon” [36–38] and an inert singlet). Our analysis targets the enlarged Higgs spectrum compared to MCHM4 [7]
or MCHM5 [39]. The Nambu Goldstone bosons that arise from SU(5) ! SO(5) transform under SU(2)L ⇥U(1)Y as

10 + 2±1/2 + 30 + 3±1 , (6)

and we can interpret the 2±1/2 multiplet as the SM Higgs field. Weakly gauging the electroweak group as part of
Eq. (5), together with the presence of a heavy top quark, induces a Coleman-Weinberg potential [40] for this multiplet,
which triggers electroweak symmetry breaking as the vacuum becomes dynamically misaligned with respect to the
SU(2)L ⇥ U(1)Y (Y = T 3

R
+ X) preserving direction [4].

A phenomenological smoking gun of this scenario is the appearance of a 3±1 multiplet, which contains a doubly
charged Higgs boson that, however, has no relation to the electroweak scale as vacuum misalignment proceeds entirely
through 2±1/2 interactions. This phenomenological situation is vastly di↵erent from other Higgs triplet scenarios [24–
27, 41]: firstly, tension with the ⇢ parameter (either in custodial [42] or non-custodial realisations [41]) is relaxed and
related fine-tuning is absent. Secondly, since 30,±1 do not participate in electroweak symmetry breaking, they will
not leave an observable signature in weak boson fusion final states [28–30, 43–45], which are particularly suited to
custodial Higgs triplet models. Instead their production will need to happen through pair production [41] entirely
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fixed by the quantum numbers of the weak isotriplet.
With the only distinction of Eq. (4), the model of [17] follows the

paradigm of the MCHM scenario; massive bottom and top quarks
are included through partial compositeness [6, 46] by introducing
three top partners {Ti} and one bottom partner B that lift the
fundamental t, b masses. Similar to MCHM5, this introduces a
range of e↵ective Higgs-fermion interactions. The interaction most
relevant to the present work is given by [17]

L � �
p

2i�q b̄LXRH
�� + h.c. (7)

where X denotes a top partner with charge 5/3 that is charac-
teristic for custodial symmetry preserving composite Higgs scenar-
ios [21].⇤ The X field together with four other top-like fields in
MCHM5 forms a charged current that couples to the W field. The decay of the doubly charged Higgs boson into same
sign W s, albeit absent at tree-level, hence proceeds at loop level through including a mass insertion, as indicated
in Fig. 1. This decay is therefore directly related to the mixing angles that generate the physical b quark mass†.

⇤
Note that the chirality structure of the interaction Eq. (7) will induce higher-dimensional CP-violating e↵ective interactions, see below.

Similar loop-induced e↵ects are present in the SM as well.

†
This is similar to the decay H ! ��, gg in the SM, with the photons and gluons standing in no relation to spontaneous symmetry

breaking.
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1. Doubly charged Higgs bosons

Doubly charged Higgs bosons (H±±) appear in many extensions of the Standard Model, such as
left-right symmetric models (LRSM) [1], Higgs triplets (HTM) [2, 3], Zee-Babu [4, 5] or Georgi-
Machacek [6] models. Here we concentrate on the phenomenology of LRSM and HTM, which
both introduce a Higgs boson triplet containing H±± and which were investigated by the ATLAS
experiment [7]. Neutrino mass generation happens through the See-Saw mechanism. In LRSM
right-handed counterparts for fermions, as well as for Z and W bosons, appear and restore the
symmetry in weak interactions at energy scales of ⇠TeV.

1.1 Production and decay

The dominant production mode for H±± at the LHC is Drell-Yan pair production, as shown in
Figure 1. The cross-section for this process depends on the model and on the mass of the H±±. It
varies between ⇠ 10�3 � 10 fb, decreasing rapidly with mH±± . Single H±± production via vector
boson fusion or H±± associated production with H± have a lower cross-section compared to pair
production, and are here neglected [8].
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Figure 1: Doubly charged higgs boson pair production via Drell-Yan.

The branching ratio for H±± depends on the vacuum expectation value (VEV) of the Higgs triplet1

containing H±±. For very small values of the VEV H±± decay into pairs of leptons, while for
larger values of the VEV the main decay mode is H±± ! W±W±. In the following, only decays
into light leptons (e,µ) are considered, either originating from H±± or W±.

2. Search for HHH±± !!! `̀̀± `̀̀±

The analysis presents a clean signature composed by two-to-four leptons [9]. The 4` final state has
an efficiency⇥acceptance (A⇥e) of 57.2%, followed by 33.7% in the 3` final state and 9.1% in the
2` channel. Table 1 shows the definition of the analysis regions. Each signal region is defined by the
presence of at least one same-sign lepton pair; the kinematics of the pair is exploited to set a lower
cut on the pair pT > 100 GeV and DR < 3.5. When two same-sign pairs are present in the event,
an optimised mass-equality requirement is used to select signal events. The major background
for this topology arises from misreconstructed objects: electron charge misidentification and non-
prompt (also referred to as fake) leptons. The latter component is identified with leptons which
originate from secondary decays of particles inside jets, wrongly reconstructed as coming from the

1The VEV is bounded by r = M2
WL

/cos2qW M2
Z precision measurements to be < 1 GeV.

1

Drell-Yan pair production

perhaps less appreciated:  The GM structure is reproduced in realistic 
(UV-complete) theories of SU(4)c Higgs compositeness SU(5)/SO(5)

[CE, Schichtel, Spannowsky `16]
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B. Branching Ratio H
±± ! W

±
W

±
and Signal Modifier µ

We can re-interpret an exclusion of unity branching ratio as a 95% confidence level constraint on the branching ratio
H±± ! W±W±. using the cross section for signal and background after the cuts detailed in the previous section.
Eq. (16) can then be used to arrive at

BR4

H±±!W±W± =
4 (�S + �B)

L�2

S

(22)

as the bound that the LHC is sensitive to at a given luminosity L. Assuming 3 ab�1 we present our results in Tab. IV.
We find that, especially for the low mass regime, branching ratios significantly smaller than unity can be probed. For
the high mass regime, where the LHC has only little sensitivity, we find branching ratios greater then unity, signalising
that no constraint on the underlying UV structure as motivated in Sec. II can be obtained. There a more intuitive
expression is the so called signal modifier µ. Again starting from Eq. (16) we conclude that

µ =
Z2

2 L�S

+

s
Z4

4 L2 �2

S

+
Z2 �B

L�2

S

. (23)

Using Z ⌘ 2 and L = 3ab�1 we compute the upper bound for the signal modifier instead of the branching ratio. Our
results can be found in Tab. IV, too.

mH [GeV] 200 300 400 500 600 700 800 900 1000

cut on mT [GeV] 2.0 2.0 173 234 280 341 367 457 488

�S [ab] 51 25 14 8.1 4.8 2.9 1.9 1.1 0.71

�B [ab] 24 16 11 6.1 3.8 2.3 1.8 1.1 0.79

L
⇥
ab�1

⇤
for 95% exclusion 0.11 0.26 0.51 0.85 1.5 2.5 4.2 6.9 12

Z for a 3 ab�1 LHC 10 6.7 4.8 3.7 2.8 2.2 1.7 1.3 1.0

BR(H±± ! W
±
W

±) 0.44 0.55 0.64 0.73 0.84 0.96 1.1 1.2 1.4

signal modifier µ 0.12 0.21 0.33 0.44 0.63 0.89 1.3 1.8 2.7

TABLE IV: Signal cross section �S and background cross section �B after cut on mT (for more details see text) for di↵erent
Higgs mass parameters mH±± . Last rows: target luminosity for an 95% exclusion limit, discovery significance Z and upper
bound on the branching ratio BR(H±± ! W

±
W

±) as well as signal modifier µ for a 3 ab�1 LHC.
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‣ How far can we push the m(hh) distribution for  different future 
collider concepts as a BSM tool? 

‣ theoretical uncertainties/experimental systematics 

‣ How far can we go in mass coverage for di-Higgs resonances? Gluon 
fusion + jets, weak boson fusion (beyond invisible decays), … 

‣ relevance of heavy Higgs-like search > 1 TeV 

‣ Exotic decays, busy high multiplicity final states and challenging 
kinematics: what is the ultimate experimental sensitivity? 

‣ multivariate approaches, machine learning, DNNs,…

3 key questions  for the future


